Phasic Transmitter Release from Tonic Neurons  by Palmer, Mary J & von Gersdorff, Henrique
Neuron
600
Wang, F., Nemes, A., Mendelsohn, M., and Axel, R. (1998). Cell 93,require a control element that is distant from the gene,
47–60.though such an element could be positioned at different
Zou, Z., Horowitz, L.F., Montmayeur, J.P., Snapper, S., and Buck,locations in or around different OR genes. They further
L.B. (2001). Nature 414, 173–179.imply that, consistent with previous observations (Mom-
baerts et al., 1996; Wang et al., 1998), targeting of axons
to an appropriate zone in the olfactory bulb is dependent
on the epithelial zone in which the neuron is located
rather than the OR gene it expresses. Phasic Transmitter Release
Vassalli et al. also report one curious finding. They from Tonic Neuronsfind that a small fraction of neurons that express an
endogenous OR allele innervate ectopic glomeruli that
are formed by neurons in a different zone expressing
the corresponding truncated allele. The authors propose Graded and prolonged presynaptic depolarizations
that this “mistargeting” might result from homotypic in- trigger the tonic release of neurotransmitters from
teractions among the axons of neurons expressing the sensory neurons. In this issue of Neuron, Simmons
two alleles and thereby indicates an important involve- (2002a) reports that postsynaptic responses of locust
ment of such interactions in axonal targeting. Another interneuron synpapses are determined by the rate
possibility, however, is that neurons that express the rather than the amplitude of presynaptic depolariza-
endogenous allele but target ectopic glomeruli corre- tion, suggesting a mechanism for increasing the sig-
spond to the small fraction of neurons that express a naling capabilities of this synapse with respect to vi-
particular OR gene outside of its normal zone (Ressler sual processing.
et al., 1993). Quantitative analysis of the number of mis-
routed axons in the ectopic glomeruli and of the expres- Synapses which respond to graded membrane depolar-
sion pattern of the endogenous MOR23 allele in olfactory ization (as opposed to trains of all or nothing action
epithelia of the transgenic mice might help clarify which potentials) are common components of the initial cir-
of the two models is more plausible. cuitry of sensory systems in both vertebrates and inver-
Now that Vassalli et al. have shown that it is possible tebrates, and synaptic depression has been shown to be
to construct a small transgene that can faithfully behave an important mechanism for shaping signals in various
as an autonomous OR gene, the analysis of other such sensory systems. However, while much is known about
OR minigenes with subtler mutations, such as point mu- the properties of synaptic depression at synapses that
tations in putative transcription factor binding sites, can respond to trains of impulses, relatively less is known
be attempted. The study of such mutated transgenes is about depression at synapses that respond to graded
likely to contribute to our understanding of the mecha- potentials. In this issue of Neuron, Simmons (2002a)
nisms underlying OR gene choice and shed further light uses the large locust sensory interneuron (L1-3) as a
on the determinants that govern glomerular conver- model system for examining depression at a synapse
gence. transmitting graded potentials.
Insects contain two distinct types of eyes: the com-
pound eye and a small simple eye, the ocellus, both ofRajesh Ranganathan and Linda B. Buck
which respond to light and visual input. The simple neu-Howard Hughes Medical Institute
ral circuit of the non-image-forming ocellus includes theDivision of Basic Sciences
light-sensing photoreceptors, which connect to the L1-3Fred Hutchinson Cancer Research Center
second-order interneurons (see Figure). The L1-31100 Fairview Avenue North
interneurons in turn make both excitatory and inhibitorySeattle, Washington 98109
output synapses, which can easily be anatomically dis-
Selected Reading tinguished. L1-3 inhibitory synapses are reciprocal syn-
apses between L1-3 and are located in the terminal
Buck, L.B. (2000). Cell 100, 611–618. arbors of L1-3, while L1-3 excitatory synapses are made
Ebrahimi, F.A., Edmondson, J., Rothstein, R., and Chess, A. (2000). onto third-order neurons such as DN (see Figure). In the
Dev. Dyn. 217, 225–231. ocellar circuit, a single presynaptic neuron, the L1-3,
Mombaerts, P., Wang, F., Dulac, C., Chao, S.K., Nemes, A., Mendel- can thus excite one group of neurons and inhibit a sepa-
sohn, M., Edmondson, J., and Axel, R. (1996). Cell 87, 675–686.
rate set. Since the excitatory and inhibitory synapses
Mori, K., von Campenhause, H., and Yoshihara, Y. (2000). Philos.
made by L1-3 are located at anatomically distinct sites,Trans. R. Soc. Lond. B Biol. Sci. 355, 1801–1812.
it is possible to isolate each synapse for pre- and post-
Qasba, P., and Reed, R.R. (1998). J. Neurosci. 18, 227–236.
synaptic intracellular recordings.
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In previous work, the author had shown that the inhibi-
Serizawa, S., Ishii, T., Nakatani, H., Tsuboi, A., Nagawa, F., Asano, tory postsynaptic potentials (IPSPs) at L1-3 synapses
M., Sudo, K., Sakagami, J., Sakano, H., Ijiri, T., et al. (2000). Nat.
decay rapidly. No matter what the length of the presyn-Neurosci. 3, 687–693.
aptic depolarization is, the IPSPs were found to be tran-Sullivan, S.L., Adamson, M.C., Ressler, K.J., Kozak, C.A., and Buck,
sient. It was suggested that this transience might allowL.B. (1996). Proc. Natl. Acad. Sci. USA 93, 884–888.
these synapses to be more sensitive to the rate of pre-Vassalli, A., Rothman, A., Feinstein, P., Zapotocky, M., and Mom-
synaptic depolarization than to the amplitude of the sig-baerts, P. (2002). Neuron 35, this issue, 681–696.
nal (Simmons, 2002b). In this report, the author setsWang, S.S., Tsai, R.Y., and Reed, R.R. (1997). J. Neurosci. 17, 4149–
4158. out to test this directly via the technically demanding
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approach of simultaneous triple-electrode recordings
in response to different rates and amplitudes of input
generated by voltage clamp. The author shows that,
indeed, the inhibitory input has an unexpectedly phasic
nature, is exquisitely sensitive to the rate of presynaptic
depolarization, but is relatively insensitive to the ampli-
tude of the depolarization. Recording from pairs of L1-3
interneurons, Simmons found that the synaptic delay
was around 2 ms, and voltage-clamp experiments re-
vealed that the duration of neurotransmitter release was
very brief (2 ms). The synapse is thus able to respond
to changes in the rate of presynaptic depolarization dur-
ing a very tight temporal window of between 2 and 4 ms.
Transmission was most effective when the presynaptic
depolarizations changed quickly. This finding, in particu-
lar, seems quite surprising, since few other synapses
(and in particular, graded synapses) share this property.
Recent studies in octopus cells in the cochlear nucleus
of mammals also show that these neurons spike best The Locust Ocellus Circuitry
to rapid changes in voltage (from 5 to 15 mV/ms; Ferra- The ocellus photoreceptors depolarize to light stimuli and form in-
gamo and Oertel, 2002), and it will be interesting to see hibitory synaptic contacts that release histamine onto three distinct
“L” neurons (L1-3). These neurons have long (1500 m) and thickhow the transmission properties of these two neurons
(15 m) axons, and they make reciprocal inhibitory connections withand their synapses compare in other aspects. In addi-
each other at the terminal arbors where acetylcholine is released intion, these inhibitory L1-3 synapses showed strong
a phasic manner. In addition, L1-3 neurons form tonic excitatory
paired-pulse depression, and depressed PSPs had a cholinergic contacts with DN neurons (descending interneurons),
longer synaptic delay, a common property of many syn- which also receive excitatory synaptic input from wind-sensitive
apses stimulated with step depolarizations (Lin and hairs on the head. The ocellus visual system is thought to play a
role in stabilizing flight.Faber, 2002).
Although the mechanisms that underlie these unique
transmission properties remain largely elusive at pres- and clusters of clear-core vesicles in a dyad-synapse
ent, a number of possibilities are suggested by the phys- arrangement (Leitinger and Simmons, 2002), while the
iology. Desensitization of postsynaptic receptors could L1-3 reciprocal inhibitory synapses have relatively few
contribute, but since the postsynaptic receptors in- active zones (about 50). Depression at L1-3 might also
volved have not yet been conclusively identified, this be caused by a general decrease in calcium sensitivity
remains to be directly tested. There is evidence indicat- of the exocytosis machinery or by a transient inactiva-
ing that the neurotransmitter released by L1-3 neurons
tion of release sites. While it is certainly useful to specu-
is acetylcholine (Leittinger and Simmons, 2000), and it
late about the potential mechanisms that might be in-
has been suggested that the inhibitory input operates
volved, it is worth pointing out that at this point, it seems
via muscarinic receptors, while the excitatory input is
that none of the mechanisms that have been shown tovia nicotinic receptors. At first glance, this seems like
contribute to depression at other synapses can individu-an odd match of receptors for the properties of this
ally fully account for the unique properties of the inhibi-synapse. Since muscarinic receptors operate via sec-
tory L1-3 output, especially the fact that the synapseond messengers, they are usually slow to activate and
recovers from depression while the presynaptic cell isdeactivate and thus seem like unlikely candidates to
maintained depolarized. More work will be required tomediate a fast, phasic release of transmitter. Nicotinic
determine whether some combination of these mecha-receptors desensitize rapidly, making them perhaps un-
nisms or perhaps some novel mechanism might besuited for tonic transmission. However, such a pairing
responsible for the transmission properties of thiswould not be without precedent, since in the vertebrate
synapse.retina photoreceptors tonically release glutamate onto
In addition to being interesting for synaptic physiolo-fast desensitizing AMPA receptors in horizontal cells
gists because of the unusual physiological properties(Eliasof and Jahr, 1997). Interestingly, fast and phasic
of depression at the reciprocal L1-3 synapse, these datainhibitory cholinergic synapses have also been de-
should also be of considerable interest from the per-scribed in Aplysia where they are mediated via the open-
spective of systems neuroscience, since the combina-ing of Cl channels (Ohnuma et al., 2001). Ultimately,
tion of excitatory and inhibitory inputs from L1-3 wouldmore work will be required to determine what postsyn-
seem to make this circuit well-placed to contribute toaptic receptors and signaling components are involved
processing of multiple aspects of the visual scene. Thein mediating these responses.
author suggests that these two inputs might provideSimilar to what occurs at vertebrate retinal bipolar cell
unique advantages for responding to visual stimuli. Thesynapses, it is possible that vesicle pool depletion could
ocellus has been proposed to play the role of a sort ofalso contribute to the fast, phasic response and strong
flight autopilot system for locusts and other flying in-paired-pulse depression of the L1-3 inhibitory synapse.
sects, allowing the animal to detect deviations in steer-In potential support of a role for vesicle pool depletion,
ing and maintain flight altitude relative to the visual hori-L1-3 tonic excitatory synapses onto DN neurons have
about 10,000 active zones with electron dense “bars” zon (Simmons, 2002b). In addition to receiving sensory
Neuron
602
input from light signals, some third-order interneurons every stage. When adjusting between a sunny day and
a moonless night, the retina changes the relationship(e.g., DN, see Figure) also receive input from wind-sensi-
between light level and neuronal output by a factor oftive hairs, and this information, like that obtained from
more than 106, so that the signals sent to later stages ofvisual cues, is transmitted to motor neurons in the head,
the visual system always remain within a much narrowerwing, and rudder-like hind legs. The reciprocal L1-3
range of amplitudes. In the visual cortex, which re-inhibitory input is well tuned for transmitting rapid
sponds not to luminance but to local luminance contrast,changes in signaling, such as perhaps a transient
neurons constantly adjust their contrast sensitivity ac-change in light level or contrast in the visual scene. The
cording to the mean level of contrast present in theexcitatory input, which has, on the other hand, been
visual environment. Prolonged viewing of an Ansel Ad-shown to transmit continuously a tonic signal (Simmons,
ams photograph, for example, often leads to changes2002b), would perhaps be more responsive to the ambi-
in perception as the visual system gradually adapts toent light level. Therefore, the ocellus visual system
low or high contrast portions of the image, allowingseems poised to become an excellent model system in
subtle shadings to emerge.which to study the processing of visual information, the
The trigger for changes in gain need not always beintegration of signals from different sensory modalities,
external. Internally generated changes in attention seemand how this ultimately determines or fine tunes motor
to act through a gain control mechanism as well. Forneuron output in a well defined behavior: flight.
example, neurons in areas V4 and MT are tuned for the
orientation or direction of visual stimuli, but the ampli-
Mary J. Palmer and Henrique von Gersdorff tude of their response depends on whether or not the
The Vollum Institute animal is attending to the stimulus (McAdams and
Oregon Health and Science University Maunsell, 1999; Treue and Martı´nez-Trujillo, 1999). Simi-
3181 SW Sam Jackson Park Road lar changes in neural response that can be well de-
Portland, Oregon 97201 scribed by scaling have been observed throughout sen-
sory and motor cortex (for review, see Salinas and Thier,
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2000), so gain control seems to be as important for the
brain as it is for man-made machines.Eliasof, S., and Jahr, C.E. (1997). Vis. Neurosci. 14, 13–18.
Unlike machines, however, the mechanisms underly-Ferragamo, M.J., and Oertel, D. (2002). J. Neurophysiol. 87, 2262–
ing neuronal gain control have not been as readily appar-2270.
ent. One popular mechanistic explanation for gain con-Leitinger, G., and Simmons, P.J. (2000). J. Comp. Neurol. 416,
trol has been shunting inhibition. Shunting inhibition345–355.
refers to a synaptically activated conductance with aLeitinger, G., and Simmons, P.J. (2002). J. Neurobiol. 50, 93–105.
reversal potential at or near the resting potential of aLin, J.-W., and Faber, D.S. (2002). Trends Neurosci. 25, in press.
neuron. On its own, this conductance does not causeOhnuma, K., Whim, M.D., Fetter, R.D., Kaczmarek, L.K., and Zucker,
a significant change in membrane potential. But if theR.S. (2001). J. Physiol. 535, 647–662.
conductance of the synaptically activated channels isSimmons, P.J. (2002a). Neuron 35, this issue, 749–758.
large enough, activating the shunting synapse will causeSimmons, P.J. (2002b). Microsc. Res. Tech. 56, 270–280.
a significant decrease in the overall input resistance of
the cell, which will in turn lead to an attenuation of the
potential changes evoked by excitatory inputs. The at-
tractive feature of shunting in the present context is that
all EPSPs are scaled by the same amount (in proportionA New Mechanism for Neuronal Gain
to the decrease in the input resistance of the cell), ex-Control (or How the Gain in Brains
actly what is required for a multiplicative gain control.
Has Mainly Been Explained) Unfortunately, the effects of shunting are not quite so
simple. Holt and Koch (1997) have pointed out in a theo-
retical study that accompanying the reduction, in input
resistance is a reduction in time constant. The conse-
One of the more prosaic but necessary features of quent reduction in the integration time of the neuron will
almost any information processing system is gain con- have an independent effect on the relationship between
trol. All such systems must have some way to adjust membrane potential and firing rate. And as a result,
the relationship between input, which can vary dra- the effect of shunting on the relationship between input
matically depending on changes in the environment, (depolarization) and output (spike rate) is no longer (or
and output, which is almost always required to remain more correctly, never was) a pure scaling.
within a limited range of amplitudes. While the volume In the present issue of Neuron, Chance, Abbott, and
control on a radio or the brightness control on a com- Reyes make a convincing experimental demonstration
puter monitor are not the most exciting or highly touted of the failure of shunting inhibition to account for gain
features, imagine such devices without these forms control. But they then go on to describe and test a
of gain control. Many an engineer can attest to the novel neural mechanism to account for this important
large effort required to design automatic gain controls function. They propose that a combined, noisy barrage
in telephones, cameras, and radio transmitters. of balanced inhibition and excitation, rather than simply
a steady shunting input, can lead to a pure change in
The brain is no different in its need for gain control. In neuronal gain.
The input-output curves of the Figure illustrate thethe visual system, for example, it seems to occur at
